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Organic solar cells based on copper naphthalocyanine (CuNc) and fullerene (C60) were fabricated, and their photovoltaic properties were
investigated. C60 and CuNc were used as n-type and p-type semiconductors, respectively. In addition, the effect of Au nanoparticle addition on a
hole transfer layer was investigated, and the power conversion efﬁciency of the devices was improved after blending the Au nanoparticles into the
hole transport layer. Nanostructures of Au nanoparticles were investigated by transmission electron microscopy and X-ray diffraction. Energy
levels of molecules were calculated by molecular orbital calculations, and the nanostructure and electronic properties were discussed.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Organic solar cells are expected as next generation solar
cells because of their advantages of an easy manufacture
process, low production cost and ﬂexibility [1–3]. However,
conversion efﬁciency and durability should be improved.
Although solar cells with phthalocyanines have been studied
widely, they are fabricated mainly by vacuum deposition
methods [4–6].
Phthalocyanines have been widely studied as attractive
materials for photovoltaic, electrochemical, gas-sensing, and
data-storage devices [7,8]. Phthalocyanine molecules have
planar unit and electronic conductivity because of the π
electron system, and having p-type semiconductor behavior
[9]. Naphthalocyanine has the same macrocyclic structure as10.1016/j.pnsc.2014.04.002
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nder responsibility of Chinese Materials Research Society.phthalocyanine, and it is expected that naphthalocyanine has
the equal characteristic as phthalocyanine [10], except for
absorption wavelength. Addition of a ring system to the
isoindole units increases the solubility of naphthalocyanines
while broadening its absorption as compared with phthalocya-
nine. Therefore, they have been investigated as thin-ﬁlm
organic solar cells.
The purpose of the present work is to fabricate and
characterize organic solar cells based on copper (II) 2,3-
naphthalocyanine (CuNc) and fullerene (C60). In the present
work, C60 and CuNc were used as n-type and p-type
semiconductors, respectively. C60 is one of the most common
electronic acceptor materials, and CuNc is expected to absorb
near-infrared light, which is a needed property for the organic
solar cells. Furthermore, the effects of Au nanoparticle (AuNP)
addition on a hole transfer layer were investigated. The
polyethylenedioxythiophen doped with polystyrene-sulfonic
acid (PEDOT:PSS) was used for the hole transport layer,
and the PEDOT:PSS layer also would support the AuNPs
between ITO and CuNc layers. For metal nanoparticles such as
Au and Ag, strongly-enhanced electric ﬁelds are locally
generated in their nanospaces by irradiation of light, due to
surface plasmon resonance (SPR) [11,12]. Therefore AuElsevier B.V. All rights reserved.
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solar cells. The device structures were fabricated, and the
nanostructure, electronic property and optical absorption were
investigated.2. Experimental procedure
Stock solution of HAuCl4 (4.84 102 mol L1) was
prepared, and the stock solution of 0.981 mL was added to
de-ionized water of 189 mL, and then it was reﬂuxed at 150 1C
for 260 rpm. After reﬂuxing for 40 min, 1 wt% sodium citrate
of 1.4 mL was added to HAuCl4 solution (2.5 104 M).
After reﬂuxing for 60 min, it was cooled under air atmosphere.
The fabricated AuNP solution was divided into the supernatant
solution and the concentrated solution by the centrifugation. In
order to prepare the composite buffer layer, the concentrated
AuNP solution was blended into the PEDOT:PSS (Sigma-
Aldrich, 483095-250G, 1.3 wt% dispersion in H2O, conductive
grade) solution. The volume ratio of AuNP solution to
PEDOT:PSS solution was 20%. A thin layer of PEDOT:PSS
with AuNPs with a thickness of 20 nm was spin-coated on
pre-cleaned indium tin oxide (ITO) glass plates (Geomatec,
10 Ω/γ). After annealing at 100 1C for 10 min in N2 atmo-
sphere, the semiconductor layers with a thickness of 50 nm
were prepared on a PEDOT layer by spin coating using copper
(II) 2,3-naphthalocyanine (Sigma-Aldrich, dye content: 85%)
solution in chlorobenzene. After annealing at 140 1C for
20 min in N2 atmosphere, C60 thin ﬁlms with a thickness of
50 nm were deposited using C60 powder (Material Technol-
ogies Research, 99.98%). Aluminum (Al) metal contacts with
a thickness of 100 nm were evaporated as a top electrode. A
schematic diagram of the present solar cells is shown in Fig. 1.
The current density–voltage (J–V) characteristics (Hokuto
Denko, HSV-110) of the solar cells were measured both in
dark and under illumination at 100 mW cm2 by using an AM
1.5 solar simulator (San-ei Electric, XES-301S). The thin ﬁlms
were illuminated through the side of the ITO substrates, and
the illuminated area is 0.16 cm2. Optical properties of organic
thin ﬁlms on the glass substrate were investigated by means ofGlass substrate
ITO
PEDOT:PSS + AuNPs
CuNc
C60
Al Electrode
Fig. 1. (a) Device structure of present solaUV–visible spectroscopy (Jasco, V-670). An incident light was
introduced from the glass substrate side, and the absorption
spectra in the range of 300–800 nm of organic thin ﬁlms were
obtained. Synchronous spectra were obtained by a spectro-
photoﬂuoremeter (Jasco, FP-6600). Microstructures of Au
nanoparticles were analyzed using an X-ray diffractometer
(Philips, X' Pert-MPD System) with CuKα radiation operating
at 40 kV and 40 mA. Transmission electron microscope
(TEM) observation was carried out by a 200 kV TEM (Hitachi,
H-8100).
The isolated molecular structures were optimized by
ab-initio molecular orbital calculations using Gaussian 03.
The conditions in the present calculation were as follow:
calculation type (SP), calculation method (B3LYP) and basis
set (LANL2DZ). The electronic structures such as energy gaps
between highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), and electron
densities were investigated.3. Results and discussion
Fig. 2(a and b) shows optical absorption spectra of CuNc,
C60 and Au nanoparticle solution, and CuNc/C60 heterojunc-
tion structures with or without AuNPs. The CuNc/C60 hetero-
junction structures provided photo-absorption in the wide
wavelength range, and show high absorption at 360, 450 and
710 nm, which corresponds to 3.4, 2.7 and 1.7 eV, respec-
tively. Absorption peaks of the C60 were conﬁrmed in the
range of 300–500 nm, and an absorption peak of 710 nm
corresponds to CuNc. In Fig. 2(a), the absorption peak of
536 nm would be originated in plasmon. In Fig. 2(b), the
CuNc/C60 heterojunction structure with AuNPs shows that the
absorbance was increased in the range of 500–700 nm.
Fig. 3 shows an X-ray diffraction pattern of Au nanoparti-
cles in PEDOT:PSS deposited by spin coating on the glass
substrate. In Fig. 3, diffraction peaks of Au nanoparticles were
conﬁrmed as 111, 200, 220 and 311 of the face-centered-cubic
(fcc) Au structure. A crystallite size of Au nanoparticles wasr cells. (b) Structure model of CuNc.
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Fig. 2. Absorption spectra of (a) CuNc, C60 thin ﬁlms and Au nanoparticle solution, and (b) CuNc/C60 heterojunction structures with or without AuNPs.
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Fig. 3. X-ray diffraction pattern of Au nanoparticles in PEDOT:PSS deposited
by spin coating on the glass substrate.
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equation.
A TEM image and an electron diffraction pattern of Au
nanoparticles are shown in Fig. 4(a and b), respectively. Au
nanoparticles have an fcc structure with a lattice parameter of
a¼0.408 nm. In the TEM image of Fig. 4(a), the grain sizes of
Au nanoparticles were 40–60 nm, which agrees with the size
of Au nanoparticles estimated from the XRD result.
Fig. 5(a) shows synchronous intensity ratio of PEDOT:PSS
(AuNPs) ﬁlm spectrum / PEDOT:PSS ﬁlm spectrum. Even
with the AuNPs, synchronous spectra intensity ratio was
observed to be constant, which would indicate the inﬂuence
of light scattering is a little. Fig. 5(b) shows the remainder of
absorption spectra of CuNc/C60 heterojunction structure with
or without AuNPs. From the difference of absorption spectra
of Fig. 2(b), the absorption end is 700 nm, which would be
due to the assisted excitation of CuNc.
Measured J–V characteristics of CuNc/C60 solar cells with
or without AuNP under illumination are shown in Fig. 6. The
present structures show characteristic curve for open circuit
voltage and short circuit current, and both devices had veryhigh series resistances and low shunt resistances. Measured
parameters of the present solar cells are summarized in
Table 1. From Table 1, it can be observed that CuNc/C60
heterojunction structure with AuNPs provided a higher short
circuit current than that of the CuNc/C60 heterojunction
structure without AuNPs. The CuNc/C60 heterojunction struc-
ture with AuNPs provided short circuit current (Jsc) of
0.034 mA cm2, open circuit voltage (Voc) of 0.12 V, ﬁll
factor (FF) of 0.24 and power conversion efﬁciency (η) of
9.8 104%.
An energy level diagram of the present solar cells is
summarized as shown in Fig. 7. From the results of molecular
orbital calculation, HOMO and LUMO of CuNc are 3.1 eV
and 5.0 eV, respectively. Previously reported values were
also used for the energy levels [13–15]. The carrier transport
mechanism is considered as follows: when light is incident
from the ITO substrate, the light absorption excitation occurs
at the CuNc/C60 interface, and electrons and holes are
generated by charge separation. Then, the electrons transport
through C60 toward the Al electrode, and the holes transport
through PEDOT:PSS to the ITO substrate. Since it has been
reported that Voc is nearly proportional to the band gaps of
semiconductors [16], control of energy levels is important to
increase the efﬁciency.
In gold nanoparticles, strongly enhanced electric ﬁelds are
locally generated in their surface regions, owing to localized
surface plasmon resonance (LSPR) in the wavelength region
around their plasmon absorption peaks. The enhanced electric
ﬁelds induce enhancements of absorption efﬁciency, and some
studies have shown that organic thin-ﬁlm solar cells with gold
or silver nanoparticles have enhanced photoelectric conversion
efﬁciencies [17–19]. The size of the AuNPs is 50 nm, which
is possible to transport the SPR effect at the CuNc/C60
interface. The ﬁlm thickness of PEDOT:PSS is 20 nm, and
the spin-coated PEDOT:PSS with AuNPs would ﬂuctuate the
interfacial structure and a protrude structure in the active layer
by the AuNPs. Therefore, the SPR effect of AuNPs on the
CuNc/C60 interface at the depth of 30 nm would be possible,
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Fig. 4. (a) TEM image and (b) electron diffraction pattern of Au nanoparticles.
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Fig. 6. J–V characteristics of CuNc/C60 cells with or without AuNP.
Table 1
Comparison of present solar cells.
Hole transport layer Jsc (mA cm
2) Voc (V) FF η (%)
PEDOT:PSS 0.012 0.13 0.25 3.7 104
PEDOT:PSS (AuNP) 0.034 0.12 0.24 9.8 104
A. Nagata et al. / Progress in Natural Science: Materials International 24 (2014) 179–183182which resulted in the JSC increase for the AuNP-added sample.
In addition, incident-light scattering (LS) by AuNPs would
also improve the carrier separation as shown in Fig. 7.In the present work, CuNc/C60 heterojunction solar cells with
Au nanoparticles were fabricated by a spin coating method,
which is a low cost method. The performance of present solar
cells would be dependent on the grain size of Au nanoparticles
and ﬁlm thickness of PEDOT:PSS, and control of them should
be investigated further.
4. Conclusions
Heterojunction solar cells were fabricated by using C60 as
n-type semiconductor and CuNc as p-type semiconductor,
Fig. 7. Energy level diagram of present solar cells.
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mination of 100 mW cm2 to conﬁrm the solar cell perfor-
mance. The CuNc/C60 heterojunction structure with AuNPs
provided photo-absorption in the range of 500–700 nm, and
provided η of 9.8 104%, FF of 0.24, Jsc of 0.034 mA cm2
and Voc of 0.12 V. Nanostructures of Au nanoparticles were
investigated by TEM and X-ray diffraction, and the grain size
of the Au nanoparticles was determined to be 42 nm. The
energy levels of the molecules were calculated by molecular
orbital calculations. Optimization of the grain size of Au
nanoparticles and ﬁlm thickness of PEDOT:PSS would
increase the efﬁciencies of organic solar cells.
References
[1] W. Ma, C. Yang, X. Gong, K. Lee, A.J. Heeger, Adv. Funct. Mater. 15
(2005) 1617–1622.[2] M. Granström, K. Petritsch, A.C. Arias, A. Lux, M.R. Andersson,
R.H. Friend, Nature 395 (1998) 257–260.
[3] M. Glatthaara, M. Riede, N. Keegan, K. Sylvester-Hvid,
B. Zimmermann, M. Niggemann, A. Hinsch, A. Gombert, Sol. Energy
Mater. Sol. Cells 91 (2007) 390–393.
[4] Y. Terao, H. Sasabe, C. Adachi, Appl. Phys. Lett. 90 (2007)
103515-1–103515-3.
[5] R. Aich, B. Ratier, F. Tran-van, F. Goubard, C. Chevrot, Thin Solid
Films 516 (2008) 7171–7175.
[6] C.W. Tang, Appl. Phys. Lett. 48 (1986) 183–185.
[7] F.I. Bohrer, A. Sharoni, C. Colesniuc, J. Park, I.K. Schuller,
A.C. Kummel, W.C. Trogler, J. Am. Chem. Soc. 129 (2007) 5640–5646.
[8] H.S. Majumdar, A. Bandyopadhyay, A.J. Pal, Org. Electron. 4 (2003)
39–44.
[9] H.S. Soliman, A.M.A. El-Barry, N.M. Khosifan, M.M. El Nahass, Eur.
Phys. J. Appl. Phys. 37 (2007) 1–9.
[10] T.V. Dubinina, S.A. Trashin, N.E. Borisova, I.A. Boginskaya,
L.G. Tomilova, N.S. Zeﬁrov, Dyes Pigments 93 (2012) 1471–1480.
[11] T. Akiyama, K. Aiba, K. Hoashi, M. Wang, K. Sugawa, S. Yamada,
Chem. Commun. 46 (2010) 306–308.
[12] F.C. Chen, J.L. Wu, C.L. Lee, Y. Hong, C.H. Kuo, M.H. Huang, Appl.
Phys. Lett. 95 (2009) 013305-1–013305-3.
[13] T. Oku, A. Takeda, A. Nagata, H. Kidowaki, K. Kumada, K. Fujimoto,
A. Suzuki, T. Akiyama, Y. Yamasaki, E. Ōsawa, Mater. Technol. 28
(2013) 21–39.
[14] T. Oku, T. Noma, A. Suzuki, K. Kikuchi, S. Kikuchi, J. Phys. Chem.
Solids 71 (2010) 551–555.
[15] T. Matsumoto, T. Oku, T. Akiyama, Jpn. J. Appl. Phys. 52 (2013)
(04CR1–3–15).
[16] M.A. Green, K. Emery, D.L. King, Y. Hishikawa, W. Warta, Prog.
Photovolt. Res. Appl. 14 (2006) 455–461.
[17] T. Akiyama, T. Yamamoto, T. Oku, M. Yahiro, T. Kurihara, C. Adachi,
S. Yamada, Jpn. J. Appl. Phys. 52 (2013) 122301-1–122301-4.
[18] X. Chen, L. Zuo, W. Fu, Q. Yan, C. Fan, H. Chen, Sol. Energy Mater.
Sol. Cells 111 (2013) 1–8.
[19] M. Chen, Y. Yang, S. Chen, J. Li, M. Aklilu, Y. Tai, ACS Appl. Mater.
Interfaces 5 (2013) 511–517.
